Plectin (M r > 500,000) is a versatile and widely expressed cytolinker protein. In striated muscle it is predominantly found at the Z-disc level where it colocalizes with the intermediate filament protein desmin. Both proteins show altered labeling patterns in tissues of muscular dystrophy patients. Moreover, mutations in the plectin gene lead to the autosomal recessive human disorder epidermolysis bullosa simplex with muscular dystrophy, and defects in the desmin gene have been shown to cause familiar cardiac and skeletal myopathy. Since intermediate filaments (IFs) in striated muscle tissue have been found to be intimately associated with mitochondria, we investigated whether plectin is involved in this association. Using postembedding immunogold labeling of Lowicryl sections and immunogold labeling of ultrathin cryosections, we show that plectin is associated with desmin IFs linking myofibrils to mitochondria at the level of the Z-disc and along the entire length of the sarcomere. The localization of plectin label at the mitochondrial membrane itself was consistent with a putative linker function of plectin between desmin IFs and the mitochondrial surface. In mitochondrion-rich muscle fibers, both plectin and desmin were part of an ordered arrangement of mitochondrial side branches, which wound around myofibrils adjacent to the Z-discs and were anchored into a filamentous network transversing from one fibril to the other. The association of mitochondria with plectin and IFs was seen also in tissues without regular distribution patterns of mitochondria, such as heart muscle and neonatal skeletal muscle tissues. These data were supplemented with in vitro binding assays showing direct interaction of plectin with desmin via its carboxy-terminal IF-binding domain. As a cytolinker protein associated with mitochondria and desmin IFs, plectin could play an important role in the positioning and shape formation, in particular branching, of mitochondrial organelles in striated muscle tissues.
INTRODUCTION
The cytolinker protein plectin is abundantly expressed in a wide variety of tissues and cell types [1, 2] . As a high-molecular-weight protein (Ͼ500,000) it harbors at its carboxyl-terminus a high-affinity binding site for vimentin serving also for cytokeratin interaction [3] . Other reported binding activities of plectin comprise actin, ␣-spectrin (fodrin), microtubule-associated proteins, nuclear lamin B, and integrin-␤4 [for reviews, see 4, 5] .
Recently, it was found that mutations of the human plectin gene are involved in the disease epidermolysis bullosa simplex (EBS-MD), characterized by skin blistering in association with muscular dystrophy [6 -8] . Similar alterations in skin and muscle tissue were observed after ablation of the plectin gene in knockout mice [9] . Both findings triggered increased interest in the elucidation of cytoskeletal interactions of plectin in striated muscle tissue. In previous studies using immunofluorescence microscopy plectin has been localized at Z-discs and dense plaques of normal striated and smooth muscle and intercalated discs of cardiac muscle [1, 2, 10] . Plectin's colocalization with desmin, the muscle-specific intermediate filament (IF) subunit protein and a major component of the muscle cytoskeleton, has been observed by immunofluorescence double-labeling of rat and human striated muscle using antiserum or monoclonal antibodies to plectin [1, 6, 11] . Colocalization with desmin has also been demonstrated for HD1 [12] , a protein showing striking similarity to plectin in molecular weight, biochemical properties, and immunolocalization in skin and muscle [6, 13] .
Immunogold electron microscopy revealed desmin to be part of the transverse cytoskeletal network, which is located at the level of the Z-line in skeletal [14 -17] and cardiac muscle [18 -20] . The transverse desmin network appears to connect adjacent myofibrils with one another and to interconnect peripheral myofibrils with the cell membrane. It has been presumed that this network keeps the myofibrils in register and distributes tension laterally among myofibrils. In a recent ultrastructural study focusing on the localization of plectin in skeletal muscle (rat diaphragm) plectin-specific labeling was found at the periphery of the Z-discs [11] . This would be in line with a role of plectin in forming lateral linkages among adjacent Z-discs, in conjunction with desmin IFs.
An association of mitochondria with intermediate filaments in different cell types and tissues has been shown in several studies, involving in vitro as well as in vivo approaches, in particular, using different electron microscopic techniques [21] [22] [23] [24] [25] [26] [27] [28] [29] . Investigating immunogold-labeled cryosections of chicken skeletal and cardiac muscle tissues, Tokuyasu et al. [14, 18] found that desmin filaments bridging the interfibrillar space between neighboring Z-bands were skimmed with mitochondria; an association of desmin bundles with mitochondria in smooth muscle has been reported by Stromer and Bendayan [30] . The molecular players, which link desmin to mitochondria, are currently unknown.
Here we studied at the ultrastructural level whether plectin is involved in the association of desmin IFs in striated skeletal and heart muscle tissues. Using postembedding immunogold labeling of Lowicryl sections and immunogold labeling of ultrathin cryosections, we show that plectin molecules are associated with desmin IFs linking myofibrils to mitochondria at the level of the Z-discs and along the entire length of the sarcomere. Correlative light and electron microscopy established for the first time that not only desmin IFs and plectin, but also mitochondria are organized in skeletal muscle such that regular striated patterns become visible in tissue cross sections. Furthermore, our studies on heart muscle and neonatal skeletal muscle tissue underscored that plectin's association with mitochondria was common even if the organelle showed no alignment with muscle fibrils. These data were supported by the demonstration of a direct interaction between plectin and desmin in vitro via plectin's carboxy-terminal IF-binding domain.
MATERIALS AND METHODS
Expression plasmids and recombinant proteins. pET15b-derived plasmids pBN135 and pBN132 encoding plectin's repeat 4 and 5 domains, respectively, have been described previously [3] . Recombinant proteins were expressed in Escherichia coli BL21 (DE3). Histagged versions of plectin mutant proteins were purified by affinity chromatography on Ni 3ϩ columns, following the protocol of the manufacturer (Novagen, peT system manual).
Overlay binding assay. Desmin was purified from chicken gizzard [31] . Samples (0.5-1.5 mg/ml of protein in 50 mM NaHCO 3 , pH 8.5) were labeled (overnight at room temperature) with europium (Eu 3ϩ ) according to the protocol of the manufacturer (Wallac, Turku, Finland), using 10 l of Eu 3ϩ -labeling reagent per 100 l of protein solution. Wells of 96-well microtiter plates were coated with 100 l of 100 nM rat plectin mutant proteins expressed in bacteria or, as a negative control, 100 nM bovine serum albumin (type H1, Gerbu) in 25 mM Na 2 B 4 O 7 , pH 9.3, overnight at 4°C. Blocking was carried out with 4% bovine serum albumin in PBS, pH 7.5, at room temperature for 1 h. After being washed with PBS, pH 7.5, plates were overlaid with a dilution series (10 -500 nM) of Eu 3ϩ -labeled proteins in 100 l of PBS, pH 7.5, containing 1 mM EGTA, 2 mM MgCl 2 , 1 mM DTT, and 0.1% Tween 20 for 90 min at room temperature. After being washed at least six times with PBS, pH 7.5, bound desmin was determined by releasing complexed Eu 3ϩ with Enhancement Solution and measuring fluorescence, using a Delphia time-resolved fluorometer (Wallac); 1 nM Eu 3ϩ served as standard.
Tissues. Wistar rats were injected with 0.2 ml/kg of 2% Rompun (Bayer, Leverkusen) and, subsequently, with heparin (500 IU) in 10 ml of 0.9% sodium chloride solution. Vascular perfusion with 0.9% sodium chloride solution at 37°C was performed via intercardic puncture, immediately followed by perfusion with fixative (4% paraformaldehyde, or 4% paraformaldehyde and 0.1% glutaraldehyde in PBS, pH 7.4, at 37°C).
Pieces of perfusion-fixed skeletal muscle were dissected from musculus soleus and musculus trachealis of adult rats and leg muscle of 3-day-old rats. Tissues from skeletal and heart muscle were cut into small pieces (1 mm 3 ) and immersed in fixative for 2 h before processing for resin-embedding or cryosectioning. Skeletal muscle tissues from 2-to 3-day-old mice were immersed in 2% glutaraldehyde in PBS, osmicated, and embedded in epoxy resin.
Lowicryl embedding and sectioning. Lowicryl embedding was performed as previously described [32] . Small pieces of rat tissue were rinsed in PBS and dehydrated in a series of ethanol dilutions: 30% ethanol for 30 min at 4°C; 50, 70, 95, and 100% ethanol for 1 h at Ϫ20°C. Ethanol was finally replaced by overnight infiltration of pure Lowicryl HM20 (Agar Scientific Ltd., Stansted, UK). Samples were transferred to transparent Eppendorf tubes filled with freshly prepared Lowicryl. Polymerization was complete after a 24-h exposure to 360-nm UV light at Ϫ28°C. Lowicryl thin sections (60 -80 nm) were cut using an ultramicrotome (Ultracut S; Reichert, Vienna, Austria) and mounted onto formvar-coated nickel grids.
Cryosectioning. For cryofixation, infiltration of the tissue samples in cryoprotectant (2.3 M sucrose with or without 10% polyvinylpyrrolidone) took place before freezing in liquid nitrogen. Thin (60 -80 nm) frozen sections of striated muscle tissue were cut using an ultramicrotome equipped with a cryochamber (Reichert, Vienna, Austria) at Ϫ105°C. Frozen sections were picked up with 2.3 M sucrose droplets and deposited onto carbon-formvar-coated nickel grids. Sections on grids were subjected to immunolabeling and finally contrasted and embedded in 2% methyl cellulose and 0.3% uranyl acetate.
Fluorescence microscopy of Lowicryl-embedded tissue. For light microscopy, Lowicryl sections (thickness Ͻ200 nm) of perfusion-fixed rat skeletal muscle were transferred onto poly-L-lysine or gelatincoated glass slides and subsequently immunolabeled. Thicker sections (Ͼ1.5 nm) that could easily be detached from glass slides were immunolabeled by floating them on labeling and washing solutions prior to their transfer onto glass slides. Immunolabeling was carried out as described for postembedding immunoelectron microscopy, except that BODIPY-conjugated secondary antibodies (Molecular Probes, Inc., Eugene, OR) were used. For the visualization of mitochondria, Lowicryl sections of skeletal muscle were stained with 4 M 10-n-nonyl acridine orange (Molecular Probes, Inc.) for 15 min.
Specimens were viewed in an Axiophot fluorescence microscope (Carl Zeiss, Oberkochen, Germany) using a Plan-Apochromat 63ϫ/1.40 oil objective.
Immunoelectron microscopy. Postembedding immunolabeling was performed as previously described [32] . Free aldehyde groups were reduced by incubating sections in PBS containing 0.1 M glycine, three times for 5 min, and blocking was done in normal goat serum (British BioCell International Ltd., Cardiff, UK) for 30 min. For primary labeling, sections were incubated (1 h at room temperature or overnight at 4°C) with mAb 7A8 to plectin [33] or rabbit antiserum to desmin (Sigma-Aldrich, Austria). For double-labeling, a mixture of both immunoreagents was used. Nonimmune serum and PBS were used as controls. Secondary labeling using 5-nm gold-conjugated goat anti-mouse IgG and 10-nm gold-conjugated goat antirabbit IgG (both from British BioCell International Ltd.) was carried out for 1 h at room temperature. Lowicryl and epoxy resin-embedded sections were counterstained with uranyl acetate and lead citrate. Cryosections were embedded and contrasted as described above. Sections were viewed at 80 kV in a JEM-1210 (Jeol Ltd., Tokyo, Japan) electron microscope.
RESULTS

Plectin-Desmin Interaction Assessed in Vitro
For quantitative in vitro binding assays bacterially expressed plectin fragments were coated onto microtiter plates and overlaid with Eu3 ϩ -labeled desmin purified from chicken gizzard. Among a series of plectin mutant proteins tested, only those containing the vimentin-binding site in plectin's carboxyl-terminal domain [3] were found to specifically bind to desmin (see Fig. 1 ). Similar to vimentin, no significant binding of desmin was observed to repeat 4, or a carboxy-terminal fragment containing repeat 6 and plectin's tail region (data not shown), or BSA. Binding to a recombinant plectin protein containing repeats 5 and 6 and the tail region was similar to that of repeat 5 alone (data not shown). Furthermore, the dissociation constant (K D ϭ 1 M) determined for desmin-repeat 5 binding was similar to that of vimentin.
Transverse Arrangement of Plectin, Desmin, and Mitochondria in Lowicryl-Embedded Rat Skeletal Muscle
To facilitate the correlation of light and electron microscopic immunolocalization data, we used Lowicryl HM20-embedded perfusion-fixed skeletal muscle tissue. Immunofluorescence microscopy of relatively thick (1.5-2.0 m) Lowicryl sections confirmed the previously reported band-like labeling patterns of both plectin and desmin at Z-disc regions of muscle fibers, as revealed on frozen sections [6, 9] . However, for neither plectin nor desmin did we observe elevated labeling at subsarcolemmal regions ( Figs. 2A and 2B ). This was in contrast to previous light microscopic applications of anti-plectin, anti-HD1, and anti-desmin antibodies using frozen sections of human and mouse tissues [9, 13, 34] . As a result of the superior preservation of structure in Lowicryl cross sections, a previously unobserved striated staining pattern of both plectin and desmin became apparent in the fluorescence microscope ( Figs. 2A and 2B ). On frozen sections we observed fluorescent staining patterns of plectin similar to those described as checkerboard-like [13] or honeycomb-like [11] for HD1 and plectin (data not shown). The striations observed in Lowicryl sections appeared as a result of tilts of individual muscle fibers against the ideal plane of sectioning (perpendicular to the fiber). Depending on the tilt angle, the striations varied in number and relative distance from one another. Interestingly, they showed continuity between neighboring fibers, which are separated by perimysium. In thinner (80 -100 nm) cross sections prepared for electron microscopy we could not resolve striations in the light microscope. However, in the electron microscope darkly contrasted bands became apparent due to the occasional cutting through Z-discs ( Fig. 3 ; see also [11] ). These bands corresponded to the plectin-positive striations observed in cross sections by light microscopy.
At higher magnification, plectin-positive filamentous structures bridging Z-discs and mitochondria became clearly visible (Fig. 3) . In addition, plectin label was observed directly associated with mitochondria (Fig. 3, small arrows) . Although mitochondrial membranes could not be visualized on Lowicryl sections, the association of both desmin IFs and plectin with mitochondria and the positioning of mitochondria in close proximity to Z-discs were evident ( Fig. 3) . To more globally visualize the organization of mitochondria, we stained Lowicryl sections of rat skeletal muscle with nonyl acridine orange, a dye that prominently stains mitochondria [35] [36] [37] , and viewed them in the light microscope. A dominant staining pattern of mitochondria in the form of striations, very similar to those of desmin and plectin, was observed (Fig. 2C) . 
FIG. 3.
Immunoelectron microscopy of cross-sectioned rat skeletal muscle embedded in Lowicryl HM20. Double-labeling of plectin (mAb 7A8; 5-nm gold) and desmin (10-nm gold) is shown. Mitochondria (M) in the vicinity of Z-disc segments (resulting from peripheral cutting of Z-discs tilted against the plane of sectioning) are associated with anti-desmin-labeled IF bundles (arrowheads) that are part of a desmin belt-like structure surrounding the Z-discs [11] . Filaments contacting mitochondria appear oriented perpendicularly to the mitochondrial surface. Small arrows and large arrows indicate labeling of plectin and desmin, respectively, at contact points of individual filaments with the mitochondrial membrane. Note that no details of mitochondrial membranes and cristae could be visualized on Lowicryl sections. Bars, 500 nm.
Association of Plectin and Desmin with Mitochondria Visualized on Cryosections of Skeletal and Heart Muscle
On longitudinal cryosections of adult rat skeletal muscle cut along planes penetrating the interior of sarcomeres the majority of mitochondria were visualized as spherical structures occupying areas in between adjacent sarcomeres and in juxtaposition to filamentous structures interconnecting Z-discs (Fig. 4) . A much more complex, highly branched morphology of these organelles became visible whenever the plane of sectioning passed the periphery of the muscle fibers (Fig. 4, mitochondria M1 and M2) . Thus, the appearance of mitochondria in pairs with circular profiles was likely the result of cross-sectioned mitochondrial side branches wound around muscle fibers at the level of the I-bands. Our observations of mitochondrial branching using cryosectioning confirmed previously reported results obtained by serial sectioning of resin-embedded skeletal muscle [38] and field emission scanning electron microscopy [39, 40] .
On ultrathin cryosections individual filaments of intermediate size spanning between mitochondria and Z-discs (as well as I-bands) could clearly be resolved (Fig. 5A) . Additional IF linkages were observed all along longitudinally stretched mitochondria and the whole sarcomeric unit (Fig. 5B) . Due to the superior visualization of mitochondrial membranes (including mitochondrial cristae) on cryosections compared to Lowicryl sections, their close association with plectin colloidal gold label was evident (Figs. 5 and 8) . The mitochondrial branches adjacent to I-bands showed regular labeling at their membranes with an average of two gold particles per profile. Moreover, plectin immunogold labeling was regularly found in association with the transverse network of filaments bridging the space between adjacent muscle fibers, and frequently, we observed clusters of gold particles at the periphery of the Z-discs, whereas the Z-disc structure itself was labeled sparsely or not at all (Fig. 6 ).
Plectin's association with IFs attached to mitochondria was further investigated in cryosectioned skeletal muscle using double (plectin/desmin) immunogold labeling. The micrograph shown in Fig. 7 depicts a belt of filaments (at the periphery of a Z-disc) that is linked at its flanks via short filamentous structures to side branches of mitochondria aligned in parallel. It can be seen that both the belt structure and the protruding filaments, which often were skimmed with the mitochondria, were in part densely decorated with plectin as well as desmin label, suggesting a close association of both proteins.
Investigating skeletal muscle tissue from newborn rat, we observed local subsarcolemmal aggregations of irregularly shaped and branched mitochondria (Fig. 8,  inset ), in addition to mitochondria associated with Zdiscs in other areas (not shown) of the muscle fiber. These aggregates, too, were incorporated into a network of IFs, which was prominently plectin-labeled (Fig. 8) . Interestingly, intense plectin labeling was also observed at mitochondrial membranes (Fig. 8) . These observations supported the notion that plectin's close association with mitochondria was functionally significant and not merely due to overlapping cytoarchitectural features of these branched organelles and intricate desmin IF networks in the proximity of Z-discs.
An association of plectin with mitochondria and desmin IFs also was observed upon immunogold label- ing of heart muscle cryosections. Although in heart muscle mitochondrial organelles do not reach the high degree of lateral order observed in skeletal muscle, anti-desmin and anti-plectin immunoreactive filament networks connecting mitochondria with sarcomeric structures could clearly be seen (Fig. 9) . Both labels were found at transverse bridges between Z-discs, and plectin label was clearly apparent at filament-mitochondrial membrane contact sites (Fig. 9, arrowheads) . In addition, in agreement with previous light and electron microscopic studies, both desmin [19] and plectin [1] were found associated with intercalated disc structures (data not shown).
Structure and Organization of Skeletal Muscle Mitochondria in Plectin-Deficient Mice
In our previous analysis of skeletal muscle tissue from 2-day-old plectin-knockout mice local areas of myofiber disruption and Z-line streaming have been identified [9] . To assess whether the ultrastructure of mitochondria or their ordered arrangement was similarly affected by plectin deficiency, we studied eponembedded skeletal muscle tissues from neonatal plectin-deficient and control mice. In plectin-deficient muscle fibers that displayed advanced Z-line streaming and disruption together with severe myofiber damage and filament dissolution, we found swollen and lysed mitochondria (Fig. 10A) . Moreover, we observed aggregates of mitochondria in fibers with hypercontracted sarcomeres and blurred Z-lines, in many cases accompanied by lysis of contractile filaments (data not shown). This was reminiscent of a similar phenotype reported for Ca 2ϩ -ionophore-treated skeletal muscle [41, 42] . Under the conditions of progressed fiber damage we often found the aggregated organelles in states of autolysis, with their remnants transformed into membrane-bound vacuoles (Fig. 10B) . However, in areas of tissues showing no signs of sarcomere destruction (Fig. 10B, left-hand portion) we did not observe ultrastructural alterations of mitochondria. Moreover, comparison with wild-type tissue indicated that in neonatal tissue mitochondria had not yet reached their ordered positions next to Z-discs and the branching of the organelles at the I-band level had not yet occurred.
DISCUSSION
This study provides the first evidence for the direct interaction of plectin with the muscle-specific IF subunit protein desmin. According to our analysis, plectin's desmin-binding site is located within repeat 5 in the carboxy-terminal globular domain of the molecule. It is likely that this site coincides with the binding sites for vimentin and cytokeratins, which have been mapped to the same region ( [3] and unpublished data). Whether the bipartite NLS motif, shown to be an essential part of plectin's vimentin-binding site [3] , is similarly important for desmin binding remains to be shown.
Plectin-desmin binding has been anticipated based on the colocalization of both proteins in striated muscle tissue at the level of the Z-discs, as demonstrated by immunofluorescence microscopy [1, 6, 10] . The colocalization of plectin and desmin at the Z-disc region has recently been confirmed by confocal laser microscopy and electron microscopy of diaphragm skeletal muscle [11] . Immunogold electron microscopy of cross-sectioned cryotissue combined with statistical analysis revealed a concentration of plectin label peripheral to the Z-discs, at a shorter mean distance from their center than that of desmin [11] . Alternatively, after chemical skinning of muscle fibers with Triton X-100 threadlike plectin structures extending between desmin IFs and Z-discs were visualized. Based on these results, it was suggested that in skeletal muscle fibers plectin molecules act as spacers linking a transverse desmin IF belt to Z-discs [11] . The question whether plectin plays a role in interlinking muscle fibers with struc-
FIG. 6.
Localization of plectin at the periphery of Z-discs. A cryosection of rat skeletal muscle was immunolabeled using antiplectin mAb 7A8 and 5-nm colloidal gold-labeled secondary antibodies. Arrows, clusters of colloidal gold particles at the periphery of the Z-disc (Z). Bar, 250 nm.
tures other than Z-discs, including membrane-bounded organelles, remained unanswered in these studies, mainly because many ultrastructural details of cytoarchitecture and in particular membrane-bounded organelles are destroyed after extraction of tissue sections with reagents such as Triton X-100.
Using ultrathin cryosectioning, which enables the resolution of individual desmin filaments along the entire length of the sarcomere [14, 18] , we found plectin label in association not only with the very prominent IF belt structure along Z-discs, but also with single IFs spanning from myofibrils to adjacent mitochondria. These observations add to mounting evidence for an association of mitochondria with IFs (see Introduction) and lend support to a model (see Fig. 12 in [43] ) in which plectin, aside from its previously identified versatile cytolinker activities [4] , also plays a role in the linkage of organelles to IFs. Whether plectin binds directly to an outer mitochondrial membrane protein remains to be investigated.
As documented by time-lapse video microscopy, mitochondria display various forms of motility, including translocation and changes in shape, such as extensive branching [44, 45] . What implications could their plectinmediated association with IFs have for these dynamic properties? While there is evidence for an involvement of microtubules (MTs) and actin, as well as some of their associated motor proteins, in mitochondrial motility (for review see [46] ), IF-based motor proteins have not been identified so far, and, unlike MTs and actin filaments, IFs lack intrinsic structural polarity. Thus, as discussed by Yaffe [46] , IFs may play a passive role by anchoring mitochondria at particular cytoplasmic locations or both IFs and MTs may mediate mitochondrial distribution but function at different times of the cell cycle. Alternatively, MTs and IFs may cooperate in a temporal sequence of actions that is regulated independent of the cell cycle, as suggested by Leterrier et al. [23] in their detailed model of ATP-dependent regulation of mitochondrial saltatory movement along the neuronal skeleton. This model incorporated evidence for an interaction in vitro of neurofilament high-molecular-weight subunit protein NF-H with the mitochondrial membrane, and it showed competitive binding of neurofilament medium-molecularweight subunit protein MF-M and the microtubule-associated protein MAP2 for the very same mitochondrial membrane proteins, including porin [23, 47, 48] .
We studied the association of mitochondria with IFs
FIG. 7.
Immunogold double-labeling of plectin (5-nm gold) and desmin (10-nm gold) on cryosection of rat skeletal muscle. The plane of the section cuts a myofibril at its periphery, outside of the Z-disc. A belt-like bundle of IFs (expected to lie in the same plane as the Z-disc) that is densely labeled with both 5-and 10-nm gold particles can be seen between two large parallel branches of mitochondria (M1 and M2). The belt-like filament structure branches into short filaments skimmed with mitochondria. These filaments, too, display labeling for both plectin (arrows) and desmin (arrowheads). Note colocalization of plectin and desmin proximate to mitochondria. Bar, 0.5 m.
in striated muscle, a tissue that differs significantly in its cytoskeletal filament composition compared to neurons. Except for certain motor neurons, neurons showed no immunoreactivity with antibodies to plectin [49] , and vice versa, NFs are not present in muscle tissue. Therefore, the question remains open as to how the association of IFs with the mitochondrial membrane is organized in nonneuronal tissues. Our immunoelectron microscopic data suggest that plectin could take over the role of NFs in nonneuronal cells by acting as a crosslinker between desmin IFs and the mitochondrial membrane. The indirect immunogold labeling technique applied in our study does not allow one to draw any conclusions as to whether plectin binds to the mitochondrial membrane directly or indirectly. However, considering that plectin has recently been found to interact directly with the cytoplasmic domain of a transmembrane protein complex, integrin ␣6␤4 [32] , and that the cytoplasmic face of the outer mitochondrial membrane topologically corresponds to the cytosolic face of the plasma membrane, we would not be surprised if plectin will be found to directly interact with transmembrane proteins of the outer mitochondrial membrane.
Equally important for an understanding of mitochondrial motility might be the potential of plectin to bind to other types of cytoskeletal filaments, such as MTs [43, 50] and actin polymers [51] , both of which have been shown to affect the motility of these organelles. A cooperation between different cytoskeletal filament systems is likely to be needed for the realization of the diverse patterns of mitochondrial motility [44, 45] . The likelihood of such cooperativity has been further emphasized by more recent ultrastructural analyses of whole-mount cytoskeletons, which showed linkages involving plectin molecules between different types of cytoskeletal filaments [43, 52] . In this scenario, mitochondrial motility would not necessarily depend on a direct binding of plectin to mitochondria.
The association of desmin and plectin with mitochondria indicates the possibility that deficiencies in either one of these cytoskeletal proteins could impair the
FIG. 8.
Immunogold anti-plectin-labeled cryosection of skeletal muscle from 3-day-old rat. Overview (inset) reveals plenty of irregularly shaped mitochondria (dark in contrast) aggregated in the neighborhood of loosely packed myofibrils. At higher resolution, integration of mitochondria (M) into IF network became noticeable. Note association of plectin-label (5-nm gold particles) with both the filaments and the mitochondrial membranes (arrowheads) and the accumulation of label between a myofibril and a juxtapositioned mitochondrial branch (arrow). Bar, 500 nm. structure of mitochondria, or their positioning within the muscle fiber, or both. In fact, muscle-related phenotypes have been reported for both desmin and plectin knockout mice [9, 34, 53, 54] . In desmin-deficient mice, signs of muscle fiber death in focal areas of skeletal muscle and Z-line streaming accompanied by disorganized myofibrils were observed. As a result of the ablation of desmin, an association of mitochondria with IFs should not have existed in these mice, in particular, as other IF subunit proteins, such as vimentin, were found not to be upregulated, neither during development nor during regeneration [34] . Although the question of filament association was never specifically addressed in these studies, the loss of mechanical anchoring, due to the absence of the transverse network of IFs, could possibly have been the reason that many muscle fibers of desmin (Ϫ/Ϫ) mice showed prominent subsarcolemmal accumulations of mitochondria and a decreased muscular endurance [34] . Moreover, mitochondria were found to be altered in ultrastructure, appearing more rounded and with distorted inner membranes (skeletal muscle) and matrix granules (heart muscle) [37] .
The original phenotypic analysis of skeletal muscle tissue from plectin-deficient 2-to 3-day-old mice revealed features of cell death as well as smearing, streaming, and loss of the tight arrangement of Z-lines [9] . In addition, we show here a swelling, lysis, and aggregation of mitochondria as part of a progressed state of muscle fiber degradation in these mice. Since aggregated mitochondria were found also in neonatal tissue from normal control mice, it was difficult to FIG. 9. Immunolocalization of plectin (5-nm gold) and desmin (10-nm gold) on cryosections of rat heart muscle tissue. Mitochondria (M) are less orderly arranged than in skeletal muscle (compare to Fig. 4) . Desmin filaments are clearly seen to bridge the space between a myofibril and a mitochondrial body. 5-nm colloidal gold label (plectin) can be found not only attached to filaments (some of which carrying also desmin label), but also directly associated with the surface of mitochondria (arrowheads). Note also intense plectin labeling of desmin filaments proximal to a Z-disc (Z). Bar, 500 nm.
decide whether the lysis and aggregation of mitochondria in knockout mice were caused by a plectin-related loss of function, e.g., proper positioning, at an early stage. More conclusive information might be gained from functional studies of mitochondria respiration in plectin-deficient versus normal mice. Furthermore, it was not possible to judge whether plectin affects the regular arrangement and branching of mitochondria in skeletal muscle by phenotype analysis of knockout compared to control mice, because a regular pattern of branched mitochondria has not yet developed within the 2-to 3-day lifetime of plectin-deficient mice.
The unique regular patterns of mitochondrial branching in skeletal muscle tissue of small mammals including rat [38 -40; and our own results] provide exceptional conditions for future studies on plectin's potential role in mitochondrial motility. As shown previously by video microscopy, branching is one of the most prominent features of these organelles [44] . Electron microscopy can catch only snapshots of these dynamics. However, skeletal muscle tissue would allow the study of filament association with mitochondria at numerous repeated sites. For such experiments detergents will have to be used that, unlike Triton X-100, keep mitochondria functionally and structurally intact and, presumably, avoid filament collapse, tension, and distortions caused by the loss of organelles. Saponin, a detergent that maintains the association of IFs and MTs with mitochondria and has no effect on mitochondrial respiration [37, 55] , should be adequate. In future studies we plan to use correlative light and electron microscopy of saponin-skinned muscle fibers to eluci- date the role of plectin in motility and, in particular, to find out whether or not the transverse cytoskeleton is involved in synchronizing the function of mitochondria.
